Abstract. Incorporating Reclaimed Asphalt Pavement (RAP) to the asphalt concrete mixture for highway construction offer many benefits including energy consumption, conservation of natural resources and preservation of the environment to associated emissions. This paper presents a study on performance of Hot Mix Asphalt with variable RAP content. The study is carried out to evaluate the Marshall Properties and Performance of RAP-Asphalt mixes using conventional asphaltic concrete mix AC14. Marshall Mix Design Method was used to produce control mix (0% RAP) and RAP-Asphalt mixes samples which consist of 15% RAP, 25% RAP and 35% RAP in accordance with Specifications for Road Works of Public Works Department, Malaysia. The Marshall Properties analysis was performed to ensure compliance with Marshall Requirements, The resilient modulus test was performed to measure the stiffness of the mixes while Modified Lottman test was conducted to evaluate the moisture susceptibility of these mixes. The results obtained showed that there were no substantial difference in Marshall Properties, moisture susceptibility and indirect tensile strength between RAP-Asphalt mixes with the control mix. The test results indicated that recycled mixes performed as good as the performance of conventional HMA in terms of moisture susceptibility and resilient modulus. It is recommended that further research be carried out for asphalt mixes containing more than 35% of RAP material.
Introduction
Hot Mix Asphalt (HMA) is a dense graded mix that is commonly used as road surfacing intended for general use. If HMA is properly designed, it will provide impermeable characteristic which allow the water to run away from the pavement's surface. However, over time, pavement distresses inhibit the optimal function of roads and contribute to traffic accident. Damaged pavements are considered one of the largest contributing factors to fatal motor vehicle crashes [1] . Therefore, there is a need to rehabilitate the pavement and in most cases, remove the asphalt surfacing material to be replaced by a new asphalt overlay.
Approximately about 80% of asphalt pavement removed during highway rehabilitation or reconstruction is recycled back into new hot mix asphalt (HMA), disposing of only 20% through normal waste stream channels [2] . Recycling of asphalt pavement is an alternative technology developed to rehabilitate and or replace pavement structure suffering from pavement deformation and structural damage. However, although recycling is beneficial in most cases by reducing the consumption of virgin materials, the performance of the highway pavement should not be compromised for cost reduction [3] . It has been accepted that RAP can be a feasible constituent in HMA pavements and if properly designed and constructed, HMA mixtures with RAP can perform as well as conventional mixtures [4] . Some studies indicates that incorporating low percentages of RAP (up to 15% RAP) have no significant changes in the performances of mixes [5] .
Studies in Europe and the United States have concluded that over 80% of the recycled material is reused in the construction of roads, but regulations are still strict in allowing the inclusion of RAP in proportions ranging between 5 and 50% for production of new HMA mixtures [6] . Previous researchers stated that RAP replacement at proportions below 50% is feasible to produce new HMA mixtures, obtaining satisfactory results in the mechanical properties. Likewise, the susceptibility to moisture damage was low with the Tensile Strength Ratio (TSR) values close to 95% [7] [8] . In addition, the HMA mixtures with RAP replacement increased in 50% the Indirect Tensile Strength (ITS) compared to the HMA mixtures with only virgin materials [9] .
In addition, RAP replacement at proportions above 50% is feasible to produce new HMA mixtures, obtaining satisfactory results in the mechanical properties [10] . Partial blending of RAP binder occurs in the hot mix asphalt when RAP is mixed with virgin mineral materials and virgin binder. The amount of RAP has been limited to certain portion because the degree of blending between the RAP and the virgin materials is not known. If the weight by percent of all materials and their recycling technology are properly selected, the composition and properties of RAP HMA are improved.
Research on pavement recycling and RAP asphalt mixtures in Malaysia is very limited. Few research have been carried out on mixes containing RAP exceeding 25% as higher amount of RAP produced variability in Marshall Properties and performance of HMA. The objective of this study is to evaluate the performance of HMA mixtures with variable RAP content (15%, 25% and 35% RAP), in particular the Marshall properties and performance in terms of resilient modulus and moisture susceptibility.
Methodology
This study is based on laboratory experimental work. The samples were prepared using the Marshall Test method in accordance with ASTM D1559. The mix design used AC14 aggregate gradation in accordance with PWD Malaysia's Specification for Road Works [11] , with the range of binder content from 4.0% to 6.0%. A total of 15 samples were prepared for the control mix (100% virgin aggregates) and the asphaltic concrete mixes with RAP contents of 15%, 25% and 35%. All the samples were compacted with 75 blows on both sides of the samples using Marshall Compactor. Volumetric properties and analysis were carried out to determine the optimum binder content (OBC) for control mix and recycled mix. The optimum bitumen content value was used for the performance tests including resilient modulus and moisture susceptibility. Moisture susceptibility test was performed in accordance to the procedure described in AASHTO T 283. Samples for the test were prepared at 7 + 0.5 percent air voids. Resilient modulus test was performed in accordance to ASTM D 4132. Testing temperatures of 25 and 35°C were used and loading of 1300N with load pulse of 0.1 seconds and rest period of 0.9 seconds were set.
Result and discussion
The initial laboratory tests have been conducted to determine physical properties of the materials used. marshall mix design was conducted to determine the marshall properties and the optimum binder content (obc) for control mix and rap-asphalt mixes. the results of moisture susceptibility test and resilient modulus test as performance tests were then compared between the control mix and rap mixes.
Comparison of RAP aggregate and virgin aggregate properties
RAP aggregate properties assist in evaluating the suitability of the aggregates to be used in road construction. The basic properties tests that were conducted for both virgin and RAP aggregates consist of Los Angeles abrasion test, aggregate impact test and specific gravity. The detailed test results for both types of aggregate are shown in Table 1 .
For this study, based on the results as shown in Table 1 , the LAAV, AIV, Specific Gravity for RAP aggregate is higher than virgin aggregate. This indicates that the strength of the recycled aggregate is lower than virgin aggregate. However, the value complied with PWD Malaysia's specification requirements which must not exceed 25% for LAAV and AIV. This is due to the fact that the recycled aggregate was exposed to traffic loading for a long period that reduced the strength of aggregate, unlike the virgin aggregate which has not been exposed to traffic. Since both types of aggregate complied with the specification requirements, the aggregate is suitable to be used for the asphalt mixtures preparation. 
Marshall properties
Marshall Test was conducted to determine the volumetric properties of mixture. The volumetric properties determined included bulk specific gravity, air void, voids in mix (VMA), stability and flow. The Optimum Binder Content (OBC) for the control and RAPAsphalt mixes were determined from the individual plots of bulk density, voids in total mix, voids in mix, flow and stability versus percent asphalt content. Mix properties for virgin materials and varying different percentage of RAP showed that there are significant effect on the Marshall Properties with the inclusion of RAP in the asphalt mixes. Marshall Test result showed that the Marshall flow, VFB and Bulk SG increased as the RAP content increased. However, Marshall Stability value and voids in mix showed a decreasing trend with increasing RAP content. The trends are shown in Fig. 1 to Fig. 5 below. This result could be attributed to the fact that the virgin bitumen failed to rejuvenate the RAP binder as its percentage increases. However, the results and analysis showed that there is not much variation between conventional mixes with RAP-Asphalt mixes and all the mixes satisfy the requirements of the Specifications for Marshall Test. 
Marshall properties and determination of optimum binder content
The OBC for control mix and RAP-Asphalt mixes were taken as the arithmetic mean of binder from the five smooth curves plotted and the value was checked with the limits set in Public Works Department specification. 
Indirect tensile strength
The results of indirect tensile strength (ITS) for control mix and RAP-Asphalt mixes are shown in Fig. 7 . It is noticed that the increase of RAP in the asphalt mix reduces the tensile strength values compared with the control mix. The results shows that the ITS values of wet condition and dry condition decreased with increasing RAP content. The graph's trend showed that the use of relatively higher RAP content reduces the moisture resistance. Since RAP aggregate is weaker compared to virgin aggregate, some particles could have been crushed during the compaction and fractured surface is exposed to water. The Tensile Strength Ratio (TSR) values for control mix and RAP-Asphalt mixes are shown in Fig. 7 . From the results, it shows that the TSR values decreased with increasing of RAP content. The highest TSR value is 95.96 % for Control mix while the lowest TSR value is 80.14 % for RAP35. The results indicates that Control Mix to be less susceptible to moisture damage compared to RAP-Asphalt mixes. However, all the mixes have the potential to resist moisture damage since the TSR values obtained are more than 80%. 
Resilient modulus of RAP mixtures
The results of resilient modulus test for different RAP contents at temperatures of 25 °C and 35°C are shown in Fig. 8 . The resilient modulus for all mixes at temperature 25°C is higher for all mixes than at temperature of 35°C. The results also showed that resilient modulus of the mixes decreases with increasing RAP content. The control sample has highest resilient modulus under both testing temperature compared to samples with RAP content. The resilient modulus of control sample at temperatures of 25 °C and 35 °C are 3953 MPa and 2842 MPa respectively. This is followed by RAP15 with values of 3784 MPa and 1991 MPa at temperatures of 25°C and 35°C respectively. The results showed that RAP15 has the highest resilient modulus compared to other samples with RAP content. Table 3 shows the percentage of resilient modulus reduction for different RAP contents at temperature 0f 25°C to 35°C. The results in Table 3 show that the resilient modulus decreased significantly when the temperature increased from 25°C to 35°C. The resilient modulus decreased approximately 28.12 % for control mix while the resilient modulus for RAP15, RAP25 and RAP35 decreased 47.39 %, 50.75 % and 54.91 % respectively. RAP35 having highest reduction of resilient modulus from temperature 25°C to 35°C. This finding suggested that the percentage reduction of resilient modulus increases with increasing RAP in the mixture. 
Conclusion
From this study, the following can be concluded: i. The laboratory results on the physical properties of virgin aggregate and RAP shows that the aggregates used in this study complied with the requirements in the Public Works Department specifications. The recovered aggregate from RAP has lower strength compared to virgin aggregate. This is due to the RAP material which is exposed to the environment and traffic for a certain period of time. ii. The OBC of control mix, RAP15, RAP25 and RAP35 showed a decreasing trend with increasing RAP content. The OBC of control mix, RAP15, RAP25 and RAP35 are 5.34 %, 5.22 %, 5.10 % and 4.8 % respectively. This shows that partial blending of aged binder occurs but the effect is not as significant because of the low percentage inclusion of RAP proportion in mixes. The result indicated that use of lower percentage of RAP in mix does not significantly affect the properties of the mix. iii. Moisture susceptibility test and resilient test were performed to evaluate the performance of recycled mixes. The ITS and TSR value of the mixture decreases as the RAP content increases under both conditions. RAP-Asphalt mixtures satisfied the minimum requirement value for the moisture susceptibility test.The resilient modulus of the RAP-Asphalt mixtures decreased with increasing RAP content and temperature. Based on the findings of the study, it can be concluded that it is possible to design acceptable quality asphaltic concrete mixes with RAP that meets the required volumetric and desired performance criteria. As the performance of RAP mixes satisfied the minimum requirements of PWD Malaysia, the use of recycled mixes should be encouraged as the use of RAP likely to be cheaper than normal mix. The results of this study indicate that the addition of RAP to HMA is feasible as the performance is comparable to conventional asphaltic concrete mixes. The use of higher percentages of RAP content requires a detailed study and investigation to be carried out to ensure the RAP suitability and compliance with the specification requirements.
